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A MBW PRINCIPLE ]

By V.I1. Stafoev and V.M. Tuchkavich

W
The conductivity of a semi-conductor g , in contrast to the conductivity
of metals, may be expressed by the sum of two factorsy
: g 1Y)
,.’, Tl st ‘éf,'

where « is the conductivity resulting from equilibrium carréers of charge,

and I8 the conductivity resulting from non-equilibrium carriers of charge.

Non-equilibrium carriers of charge can be introduced into a semli-
conductor in a variety of ways, the most basic of which are radiation and

injection by use of p-n junctions.

It is natural that the conductivity of a material changes depending on the
amount of non-equilibrium carriers of charge introduced, and that thils change,
{n o can exceed the original equilibrium conductivity <« with high levels
e (]

T

of injection.

Large changes in conductivity can occur in samples with a relatively
small initial equilibrium concentration of carriers of charge and alse in those

substances in which the life time of excess carriers of charge is relatively long.

Particularly sigaificant changes in conductlvlty should take place in the
event that the number of non-equilibrium currlera of charge appo.rla( in the
semi-conductor is multiplied. A mchanum to produce such nnmpllc-uon is,

for example, impact ionization.

We have studied the phenomenon of changes In conductivity in semi-

conductors in conjunction with injected cnrﬂers of chargse.
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A suitable material for this purpose is germanium. In germanium (it is
relatively easy to produce p-n junctions, and with a proper selection of
impurities it is possible to vary the iaitial condustivity within wide enough
limits. A positive factor in experimental investigations is the fact that it is
also possible to measure and vary the life time of mnl carriers of charge
in germanium, thus changing the number of nconblutlon centers, traps,

and the temperature of the material.

Selecting a proper range of tempersatures for investigation of the
germanium sample with definite centers of impurities, it is possible to vary

the initial conductivity over a wide range by changes in temperature.

As is well known, atoms of antimony form donor levels located on the
edge of the zone of conductivity with an energy of activation in the order of
a hundredth of an electron volt. Atoms of gold form three acceptor levels
and one donor level. The donor level is located at 0.05 electron volts from
the top of the valence zone, the first acceptor level is located at 0.15 electron
volts from the valence zone, and the second and thid acceptor levels are at
0.2 electron volts and 0.04 electron volts from the bottom of the zone of

conductivity.

In the relationship of the number of atoms of antimony A',_’ and the

atoms of gold ~ -, SN ey
PN ,}.‘ -

germanium possesses &K positive conductlvlty connected with the lower
acceptor level. Since the energy of activation of the electrons to that level
amounts to 0.15 electron volts in the region of temperatures from about -50°C

and below, the concentration of excess carriers changes exponentlially.
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I the relationship 2 Na ) o"’.n) Nm

the conductivity of the sample is negative, Mm the tranafer of
electrons from the second acceptor level into the sake of conductivity. With
an energy of activation of this level of 8,2 sleatren woits, s large change in
conductlivity takes place in the pressnce of negative teshperatures of the same
order of magnitude, as well as for materials where NA“ ),A/Sb .

It is possible to select that relationship between the concentrations of
antimony and gold atoms so that the basic role in the conductivity of the
sample will be played by levels with small energy of activation. However,
ﬁzaterlals with such concentrations are poorly suited for our purposes because
the region of temperatures in which sharp chan ges in the concentration of

carriers of charge may be observed is too low and too narrow.

An injection method utilizing p-n junctions was chosén for changing
the concentration of non-equilibrium carriers of charge. For this purpose
we used indium electrodes for p-type germanium or we used dlectrodes of
tin with antimony for n-type germanium. The opposite electrodes were 8o
chosen that they would not form injection junctions in the reglon of temperatures

of interest.

The dimensions of the samples were varied in length only. The cross-

section of all of themm was about 3 or 4 mmz.

Each sample prepared may be considered as a system consisting of a

p-n junction with the resistance of the material in series with it (Figure 1).

If the resistance - s small, as is usually the case for germanium

»

diodes, the current passing thru such a system may be well expressed by the
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following formule: I /‘1 ( c -/ ) m

where U ummuodvolmf" uluummt.a‘
_,,8 hleoofnehgtoqultol!ormnhnhdhwmhlm

higher levels.

A reduction of the temperature of the material down to the temperature
of liquid nitrogen does not produce notable daviations from this formula,

In the case of a sample of germanium with a partially filled lower
acceptor level or a partially filled middle acceptor level, with a p-n junction

the passage of current does not obey the above formula for all temperatures.

For room temperasure the resistance of germanium is small and
deviation from formula (2) is insignificant. However, as the temperature is
lowered, the concentration of carriers of charge falls and the resistance of
the germanium increases. In this case we cin no longer disregard the fall
of voltage on the germanium in comparison with the fall of voltage on the

junction for the case of positive values of applied potential (positive current).

The relationship between current and applled voltage in this case will

take the form , i ( - -1 r) '

""‘"‘:" -7/ (3)

-2

In this formula the resistance of the germanium ,~ is not constant,

but depends ah the amount of current.

As was shown in reference /.?/. when the voltage applied to the sample
is increased at a lowered temperature in the positive direction the current
tirst rises weakly, and then at a certain voltage V (the breakdown voltage),

the current suddenly sharply increases and the voltage simultaneously falls.

(Figure 3, 9-12 in reference /2/)
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The possibiiity of two siulitions of Sondustivity of a dlode ws fiFst
noted by Tyler {Reference /3/) using samples of diodes prepered of germenium
with impurities of iron, and called by hisé*Injection breakdown”.

'

After breakdown the relationship between the current and the voltage,
‘ J
as we have noted, is described by a formula of 6- ﬁ and not by m

Therefore, the resistance 7 becomes negligibly small.

As we have shown in reference /2/, the phenomenon of injection
breakdown can only occur in the event that tha conductivity of germanium
connected with excess carriers of charge injected into it rises faster than
linearly with respect to the rise of the current passing thru the sample.
That is, <t f ! where ¥ ) ] .

[

Since ;‘ is proportional to the concentration of excess carriers of
charge, for example, < , and the latter is connected with the quantity of

carriers of charge injected, F¢ ', then

oA A
2 ™~ A

oy

where 7 is the life time of the carriers. Since /7. is proportional to
) e g

the current injected, .. , the conductivity, <, may then be expressed
by the following: , -
S SV R 7 7/“

P
po—r

P ’ A '73
1,/ VA

It is apparent that '51. may change more rapidly than linearly as a
result of changes in current only if the mobility or the life time, or both these
quantitites together change as the current varies.

The mobility p

A
Valat
present before breakdown. Therefore, the mechanism of the breakdown must be

can not change greatly for fiisigi¢ those values of current

located in the dependence of the life time on the strength of the current. The
singularity of this dependence consists of the fact that it applies only beginning
with a certain value of current.
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V‘ rises almost exponeatially with & m = e mmw
This fact indicates that for a given material the pre-breakdewn curremt
densities should be all approximately the same. An evaluatien of these
currents using oscillograms has confirmed this consiusion.

The character of dependence of the life time of the carriers of charge
on their concentration according to Shockly and Read (Reference /4/) is shown

on Figure 3

As may be seen from this figure, the dependence of »,;‘ on e
£
closely similar to that which is necessary to explain the breakdown phenommenoa.
A change in the thickness of the material produces a considerable change
in the value for the same temperature. However, the strength of the

toe

pre-breakdown current changes in such materials only weakly.

From this # is evident that all conditions affecting the dependence
of -~ on the injection current can produce a displacement in either direction

of the value of the breakdown voltage |/
-

Experimments we have carried out in this connection have shown that
the quantity + depends on the intensity of the radiation of the rnaterial and

also under sorce conditions on the strength of the magnetic field.

V. 1. Stafeev has shown (Reference /5/) that in aj real @emi-conductor
diode with a fixed crystal thickness the strength of the current and the voltage
lied for th of la levels of injecti -
applied for the case rge levels of injec on(r,d‘ >> 7,,0 ) are
related by the following equation:
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Vo b

oo, 5 -

, {;I - : ‘
nuo\id mobility, < :,{, Prs .lxc is the carriers’ diffusion
length. |

»

The quantity L. depends completely on the parameters of the semi-
conductor, and on % among them. This dependence off d" is of the
same order of magniitude as the dependence of c . Since & ‘i part of the
exponent of the formula above, changes in current Z are determined primarily

by changes in C . Thus, it may be easily seen that for sufficiently large
a

valuesof /. , (. s rehte}.‘tg the life time of the carriers of charge by
the expression R “;

Therefore, the current thru such a material depends strongly on the changes

of ', in accordance with the following equationy

-
/ . ..
/ o~ e o e

The volt ampere characteristic curve computed using this formula is

shown as Figure 4.

It is evident that the influence of a change in 7; on the breakdown
voltage is a certain new principle upon which to base the construction of a

series of new semi-conductor devices.
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